Cubic silicon carbide ͑3C-SiC͒ layer can provide advantages of high frequency and high quality factor for Lamb wave devices due to the superior properties of high acoustic velocity and low acoustic loss. In this study, Lamb wave propagation characteristics in composite membranes consisting of a c-axis oriented aluminum nitride ͑AlN͒ film and an epitaxial 3C-SiC ͑100͒ layer are investigated by theoretical calculation. The lowest symmetric mode Lamb wave propagating along the ͓011͔ direction exhibits a phase velocity higher than 10 000 m/s and an electromechanical coupling coefficient above 2% in the AlN/3C-SiC multilayered membranes.
Aluminum nitride ͑AlN͒ Lamb wave devices utilizing the lowest symmetric ͑S 0 ͒ mode have attracted interests for wireless communication systems because the S 0 mode Lamb wave has advantages of high phase velocity and weak velocity dispersion. [1] [2] [3] [4] Recently, the first symmetric ͑S 1 ͒ mode Lamb wave in AlN thin films has also been investigated because of the extremely high phase velocity up to 27 000 m/s. 5 Moreover, lithium niobate ͑LiNbO 3 ͒ Lamb wave devices utilizing the first antisymmetric ͑A 1 ͒ mode have been reported because the A 1 mode provides a higher phase velocity as well as a larger electromechanical coupling coefficient than the S 0 mode in the LiNbO 3 layer. 6 However, the Lamb wave resonators based on a single piezoelectric layer have some intrinsic drawbacks, such as lower quality factors ͑Q͒ and larger frequency-temperature drifts in comparison to the quartz-based resonators.
Several significant research efforts are ongoing to enhance the performance of Lamb wave devices by attaching a substrate layer to the piezoelectric layer. For example, AlN Lamb wave resonators can be well temperature-compensated at room temperature and high temperature by adding a thermally compensating layer of silicon dioxide ͑SiO 2 ͒ with appropriate thickness ratios of AlN to SiO 2 . 7, 8 The Q of AlN Lamb wave resonators can be efficiently enhanced by utilizing a low acoustic loss layer of single crystal silicon ͑Si͒ as the substrate layer. 9 However, the introduction of the Si layer degrades the resonance frequency ͑f͒ of Lamb wave resonator. It was reported that silicon carbide ͑SiC͒ has a larger f · Q product and a higher acoustic velocity than Si, making SiC a potential substrate material for boosting the Q of AlN Lamb wave resonators. 10 Among over 200 known SiC polytypes, cubic silicon carbide ͑3C-SiC͒ is the only polytype which can be grown on Si substrates, providing various wellestablished bulk micromachining techniques to fabricate suspended membranes. 11 Moreover, piezoelectric AlN thin films grown on epitaxial 3C-SiC ͑100͒ layers using alternating current reactive magnetron sputtering have been developed recently. 12 Therefore, the AlN/3C-SiC composite structure is a promising material combination for high-frequency and high-Q Lamb wave resonators. In this letter, the propagation characteristics of the S 0 mode Lamb wave in AlN/3C-SiC composite membranes are investigated by theoretical analysis. The effective permittivity based on the transfer matrix method is employed to calculate the phase velocity dispersion. 13, 14 The electromechanical coupling coefficient can be exactly analyzed by the Green's function method. 15 The influences of the 3C-SiC layer thickness and the Lamb wave propagation direction on phase velocities and electromechanical coupling coefficients are also discussed.
As illustrated in Fig. 1 , Lamb wave devices on AlN/3C-SiC composite layers with four transducer configurations are studied. Type A represents the AlN/3C-SiC composite membranes with an interdigital transducer ͑IDT͒ on the surface and a nonmetalized ͑open-circuited͒ interface; type B, an IDT on the surface and a metalized ͑short-circuited͒ interface; type C, an IDT in the interface and a nonmetalized surface; type D, an IDT in the interface and a metalized surface. The thicknesses of the AlN and 3C-SiC layers are denoted by h AlN and h 3C-SiC . In this study, AlN and 3C-SiC are treated as hexagonal and cubic crystals, respectively, and their material constants employed in the calculation are summarized and listed in Table I . [16] [17] [18] The c-axis of the AlN thin film and the crystalline X-axis of the epitaxial 3C-SiC ͑100͒ layer are oriented normal to the interface. In addition, the phase velocity increases slightly in the h AlN / region smaller than 0.1 due to the introduction of the 3C-SiC layer but it decreases with increasing 3C-SiC thicknesses even though 3C-SiC has a higher acoustic velocity than AlN.
In general, the increase in the 3C-SiC layer thickness can enhance the Q of Lamb wave resonators on AlN/3C-SiC composite membranes. However, a thick 3C-SiC layer leads to the degradation of electromechanical coupling coefficients due to the weak piezoelectricity of the 3C-SiC layer. Considering the trade-off between Q and electromechanical coupling, the case of h 3C-SiC / equal to 0.2 was taken to study the influence of the Lamb wave propagation direction on the phase velocity dispersion. Because of the face-centered cubic crystal symmetry of the 3C-SiC layer, four propagation directions of 0°, 15°, 30°, and 45°with respect to the ͓010͔ axis are considered in the following calculations. As shown in Fig. 2͑b͒ , Lamb wave propagating along the ͓011͔ direction has the highest phase velocity up to 12 000 m/s which is beneficial for high-frequency Lamb wave devices.
The electromechanical coupling ͑k 2 ͒ can be theoretically calculated using the Green's function method and is presented by 15, 19 
where ⌫ s is the coupling parameter and s ͑ϱ͒ is the effective permittivity at infinite slowness. Figures 3͑a͒-3͑d͒ show the electromechanical coupling dispersion of the four transducer configurations, respectively, for S 0 mode Lamb waves propagating along the ͓010͔ direction and five normalized 3C-SiC thicknesses, namely, 0, 0.1, 0.2, 0.3, and 0.4. The four transducer configurations show different k 2 behaviors because the imposition of electrical boundary conditions at the interfaces influences the potential depth profile. 20 Due to the weak piezoelectricity of the 3C-SiC layer, the k 2 decreases with increasing 3C-SiC thicknesses for each transducer configuration. However, the k 2 of types A and C dramatically increase when the normalized 3C-SiC thicknesses equal 0.1 and 0.2. In the h AlN / range smaller than 0.2, types B and D exhibit the higher k 2 than types A and C because a strong electric field can be induced between the IDT and grounded electrode. 7 Except for the higher k 2 , higher phase velocities can be obtained in the h AlN / range smaller than 0.2 as well. Figures 4͑c͒-4͑f͒ show the electromechanical coupling dispersion of the four transducer configurations, respectively, for the normalized 3C-SiC thickness equal to 0.2 and Lamb waves propagating along the 0°, 15°, 30°, and 45°directions relative to the ͓010͔ axis. As shown in simulation results, Lamb waves propagating along the 30°direction exhibit smaller k 2 , whereas Lamb waves propagating along the 45°d irection show higher k 2 . It is worth noting that Lamb waves in AlN/3C-SiC composite membranes with a thicker AlN layer show higher k 2 ; however, a thicker AlN layer results in a lower phase velocity. For instance, the type A transducer in the ͓011͔ propagation direction shows a k 2 of 2.4% but the phase velocity decreases to 8800 m/s in the meantime. Fortunately, the type B transducer in the ͓011͔ propagation direction exhibits a k 2 of approximately 2% while h AlN / is equal to 0.2 where the phase velocity is still higher than 10 000 m/s. In conclusion, Lamb wave propagation characteristics in the AlN/3C-SiC composite membranes were theoretically investigated using the effective permittivity and Green's function method. The phase velocities and electromechanical coupling coefficients of Lamb wave devices with four transducer configurations as well as along four propagation directions are studied. The type B transducer in the ͓011͔ propagation direction exhibits a phase velocity higher than 10 000 m/s and an electromechanical coupling coefficient larger than 2% while h 3C-SiC / and h AlN / are both equal to 0.2. The obtained results confirm the feasibility of c-axis oriented AlN thin films on epitaxial 3C-SiC ͑100͒ layers to enable high-frequency and high-Q Lamb wave devices.
